3 1 with age, older individuals should display increased immunopathological costs 3 2 associated with an immune response. Indeed, we found that while old infected 3 3 individuals cleared infection faster than young individuals, they displayed exacerbated 3 4 immunopathological costs and higher post-infection mortality. RNAi-mediated 3 5 knockdown of PO response reduced immunopathology in older beetles and increased 3 6 their lifespan after infection. This is the first demonstration of a direct role of 3 7 immunopathological consequences of immune response during ageing in insects. Our 3 8
80°C until further use. We annealed the complementary strands by heating at 65°C for 1 3 1 30 min and incubating at 22°C for an hour, before injecting 100ng purified dsRNA 1 3 2 into each beetle. As RNAi control (or immune challenged control) (EI), we injected 1 3 3 individuals with an internal region of the cDNA sequence encoding a lysozyme (Gm-1 3 4
Lys) from Galleria mellonella (Swiss-Prot accession-P82174), available in our lab 1 3 5 (25) . We monitored RNAi efficacy by performing qPCR (see supplementary 1 3 6 information for qPCR methods and primers; Table S2 ). We used the comparative CT 1 3 7 method (26) to estimate relative gene expression (see Fig. S1 & Table S3 for RNAi 1 3 8 efficacy). We grew a S. aureus culture overnight in liquid LB medium to an OD 600 of 95%. We 1 9 5 then centrifuged the culture, washed the pellet three times before re-suspending in 1 9 6
insect Ringer solution. We injected 5 μ l of this suspension directly into the haemocoel incubated at 30°C with shaking at 150 rpm for 2 hours. Following this, we diluted the 2 1 6 mixture 800 times and plated out as described above. The number of CFUs that 2 1 7 appeared was counted after 48 hours incubation at 30°C. The number of colonies 2 1 8
observed was used as a measure of (inversely related to) the strength of induced anti-2 1 9
S. aureus activity of the beetle hemolymph.
Finally, we measured PO response (n = 30 beetles/age group) and estimated relative 2 2 2 expression of the antimicrobial peptide-coding genes attacin 2 and tenecin 1 (n = 5-6 2 2 3 pairs/ age group/ gene; see Table S2 for qPCR primer sequences) as a function of age 2 2 4 in naïve beetles as described earlier. Since these assays were performed with 2 2 5
uninfected beetles, they served as an estimate of age-associated changes in baseline 2 2 6 constitutive innate immune function in the absence of immune induction. 2 2 7 2 2 8
Experiment 3: Impact of ageing and infection on immunopathology 2 2 9 2 3 0
Beetles from both age groups (7-day-old vs. 49-day-old) were first infected (or sham-2 3 1 infected) as described earlier (n = 11-14 beetles/ age-group/ infection status). Four 2 3 2 days later, we estimated MT function as a proxy for immunopathology (see described in experiment 1. Two days later, we infected beetles as described above.
3 8
We monitored a subset of individuals for their post-infection survival daily at 8 pm groups by that of the respective controls. We found that an early immune challenge in young adults caused an increase in PO 3 0 5 response (Fig. 1A , Table S4A ), with a concomitant reduction in MT activity (Fig. 1B, 3 0 6 Table S4B ). We further observed that RNAi knockdown of the PO response reduced 3 0 7
MT damage in immune-challenged beetles, resulting in a limited reduction of fluid 3 0 8 secretion rate (compare Fig. 1A & B , Table S4A & B ). An AFT model showed that 3 0 9
early immune challenged beetles also had shorter lifespans compared to full control 3 1 0 and procedure control beetles (Figures 2A & B , Table S5A ). We did not detect 3 1 1 mortality until 16 days following the immune challenge, suggesting that early immune 3 1 2 challenge did not have an immediate impact on survival (Figure 2A) . The c-parameter 3 1 3
was lowest in immune challenged control (EI) beetles, suggesting a reduction in 3 1 4 median lifespan (percent decline with respect to full control, 100(c-1): ~35%) 3 1 5 1 4
following an early-life immune response ( Figure 2B , Table S5A ). The negative 3 1 6
impact of an early immune challenge on beetle lifespan could also be reversed by 3 1 7
RNA interference of proPO transcripts (e.g. PO1 and PO2) in immune challenged 3 1 8 beetles (Figure 2A & B , Table S5A ). RNAi of both the transcripts extended the life 3 1 9
span by ~31-32 % compared to immune challenged control (EI) beetles ( Figure 2B , 3 2 0 Table S5A ).
3 2 1 3 2 2
Analysis of maximum lifespan produced similar results as that of median lifespan.
2 3
The 90th percentile of overall survival time was 74 days (pooling all individuals 3 2 4 across treatments); the percentage of immune challenged individuals surviving to this 3 2 5
time was significantly lower than control groups (EI = 3%, PO1 = 10%, PO2 = 10%, 3 2 6 PC = 23%, Control = 27%; also see Figure 2C & Table S5B for treatment effects).
2 7
These data suggest acceleration in ageing due to early-life immune response (compare EI beetles with normal PO levels, suggesting delayed ageing in knockout groups 3 3 2 (compare ageing acceleration in Figure 2C , Table S5B ).
4
Immune responses increase with age 3 3 5 3 3 6
We found a rapid clearance of bacterial cells in both young and old beetles: ~98% 3 3 7 cells were removed within 6 hours after infection. However, older individuals showed 3 3 8 consistently lower bacterial loads across different time points (i.e. 6 hours, 24 hours, 7 3 3 9 days and 14 days) after infection ( Fig 3A, Table S6A ). Next, we tested the ability of 3 4 0 1 5 cell-free hemolymph to kill S. aureus cells 1 or 7 days after infection with live 3 4 1 bacteria (or sham infection). We found that hemolymph from older infected beetles 3 4 2 showed a significantly higher antibacterial response compared to younger beetles (Fig   3  4  3 3B, Table S6B ). In contrast, age did not have a strong influence on the antibacterial 3 4 4 activity of cell-free hemolymph from sham-infected beetles ( Figure S2 , Table S6B ).
4 5
Older beetles also showed an enhanced PO response ( Fig 3C, Table S6C ) and higher 3 4 6 expression of the antimicrobial peptides attacin and tenecin 1 (Fig. 3D , Table S3 ), 3 4 7 even in the absence of a previous bacterial infection. To test if an age-related increase in immunity also confers greater survival benefits, 3 5 2
we tested the impact of S. aureus infection on the survival of young vs. old beetles.
5 3
Compared to young beetles, we found that old beetles died much faster after an Sham-infection/ infection in young beetles = 5.18, P<0.001; Figure 3E , Table S6D ).
5 6
In contrast, beetle age did not alter the survival of sham-infected beetles significantly 3 5 7
( Figure 3E , Table S6D ). observed for early immune-challenged beetles, we found that RNAi mediated 3 6 6 knockdown of pro-PO1 partially rescued the MT activity of infected older beetles 3 6 7 ( Fig. 3G, Table S7B ), and proPO1 knockdown beetles survived longer after infection 3 6 8 than wild-type beetles (Hazard ratio: knockout vs. infected wildtype beetles = 0.396; 3 6 9 P = 0.01) (Fig. 3H, Table S7C ). We thus suggest that bacterial infection induced 3 7 0 immune upregulation in older beetles, but incurred greater immunopathological 3 7 1 damage to MTs, resulting in greater mortality despite higher immune function. immunopathology and reduced human lifespan (7). Next, we describe the 3 8 8
immunopathological risk associated with an ageing immune system and its impact on 
